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Electron paramagnetic resonance (EPR) measurements have
been carried out over the frequency range of 1-370 GHz on single
crystals of potassium peroxychromate (K;CrOg) with the view of
examining the current models of exchange narrowing of EPR
signals in solids. K,CrOg has a simple (tetragonal) lattice struc-
ture, can be grown as single crystals pure or diluted with an
isostructural diamagnetic host K;NbOg, and its paramagnetism
can be described by a very simple (S = % I = 0) spin Hamiltonian.
The measurements were made at various orientations of single
crystals in the Zeeman field, with emphasis on the principal
directions of the g-tensor. For essentially all orientations, the
linewidth decreases monotonically for measurements at resonance
frequencies, w,, from 1 to about 100 GHz, and then starts to
increase at higher w,. In order to delineate the spin exchange
effects from other sources of line broadening, the measurements
were repeated with a diluted spin system, K;NbOg containing
=0.5 mole % of K,CrOg, representing the broadening effect of all
the magnetic field dependent terms, such as the broadening due to
the g-strain and sample holder/waveguide magnetization at the
high field utilized, up to 14 T. Using these data, the K;CrOq4
linewidths were analyzed in terms of the current models of spin
exchange narrowing in three-dimensional systems. A reasonably
good agreement was found with the Anderson—Weiss model, when
modified for various line broadening effects. The accuracy of the
analysis procedure was confirmed by the comparison of the pres-
ently determined values of the exchange constant, J, and the
dipolar field, H,, with their values obtained by dc magnetic sus-
ceptibility measurements and theoretical analysis, respectively; the
agreement was within 5% for J (=1.35 K) and about 25% for H,
(160 G). However, some deviations and unusual splittings were
noted in measurements at 370 GHz, whose origin remains

unclear. © 1998 Academic Press

INTRODUCTION

gard, one of the long-standing issues is the theoretical unde
standing of the effect of spin exchange on the shapes of EF
signals in solids. It is well established that the phenomenon «
spin exchange leads to a narrowing of EPR signals, and that t
exchange rates can be estimated from the variation of the sig!
linewidth and/or lineshape as a function of spin concentratio
(4). The simplest and arguably the most successful model |
exchange narrowing was proposed by Anderson and Waiss (
This model predicts that the exchange process leads to i
narrowing, somewhat akin to the averaging of the dipolar an
other anisotropic interactions due to motional averaging. Th
original Anderson—Weiss model was developed for the cas
when the spin—spin exchange interaction is three-dimension
In simple terms, the model predicts the linewidths as a functic
of the resonance frequenay), a characteristic rate of the spin
exchange process, expressed as an exchangeHiglyl or an
exchange frequencw, = yH., where vy is the electronic
magnetogyric ratio. It predicts that whew is in the same
range asy,, then the magnitude of the peak to peak linewidtt
of the derivative mode EPR spectrumH,, is given by
Hﬁ/HeX, whereH,, is the rigid lattice linewidth, related to the
dipolar interactions in the lattices). Another important pre-
diction is thatAH,, should become largely independent of
frequency w, when wy is significantly larger thanw,. This
simple result, of course, changes when the exchange proc
becomes one-dimensional, as in the case of TMMtetra-
methyl-ammonium-manganese-chloride), or two-dimension:
as in the case of the layer type perovskitesMKF, or
(C.Hs,1NH3),MNCl, (7, 8) and the organic free radical sys-
tem 3-n-butyl-2,4,6-triphenylverdazyB). In all these cases,
however, the agreement with the theoretical models was on
partial, and this conclusion provided the primary impetus fo
the present undertaking. It was thought worthwhile to carry ot

The recent resurgence of multi-frequency electron paramagr in-depth evaluation of the applicability of the Anderson-
netic resonance (EPR) spectrometers, both at the low efgéiss model via systematic, wide-range multifrequency EP
around 1-40 GHz1) and at high frequencies 100 GHz andinewidth measurements on a simple crystal lattice that i
above 2, 3), has opened up a sensitive new window on thghown to exhibit essentially three-dimensional exchange, ar
structure and dynamics of paramagnetic systems. In this {ghich could be described in terms of a spin Hamiltoniar
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without the complexity of zero-field splittings and/or hyperfine
interactions. While there have been many earlier attempts,
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TEST OF THE ANDERSON-WEISS MODEL 179

our knowledge, the earlier studies have utilized EPR probakout the 0.5% level, in agreement with our earlier studie
such as MA* (6—8, 10, or C/** (11), or organic free radicals (13).

such as diphenylpicrylhydrazyl, DPPHZ), and triphenylver-

dazyl @), which have complications due to zero-field splittingEPR Measurements

(6—8, 10 and/or hyperfine structure due to extensive delocal-

ization @—12. In order to obviate these complications, in th% ; : : . s :
: : . . Stefan Institute, University of Ljubljana, Ljubljana, Slovenia,
present study we have investigatedd£O;. This compound u?ing a bridge equipped wti);h a Ii)opl—gap r(Jaso:lator.

was selected because (i) its EPR spectrum is a single relatively, i |
sharp peak which has been well characterized as due to é(band (9.5 GHz) and Q-band (35.2 GHz) measuremen

localized 3d electron on each E&f site (13), without the were made using_a V_arian_ E-line spectrc_)meter. Measuremel
complication of any zero-field splitting or hyperfine interac\-Nere T“ade by orienting single crystals in the three crystalls
raphic planes ab, bc, and ac. All measurements were pe

tion; (ii) the orbital angular momentum of the unpaired 3 . |
. med at room temperature, and the microwave frequency w
electron is largely quenched, so the spectrum can be well

described by the Zeeman term for &n- %system; (i) this monitored with a Hewlett—Packard digital frequency counte

system has been well characterized by magnetic susceptibi gdel HP 5350B. The line positions were measured relative
measurementslB), and thus offers the possibility of indepen- PH (1,1 diphenyl-2-picrylhydrazyl) for which tgevalue is

dent checks on the linewidth analysis procedure with moir(élown to be 2.00371§), and the magnetic field scans were

established techniques; (iv),&rO, has been proposed as calibrated by the DTBN (di-t-butylnitroxide) hyperfine split-

) %ings which are known to be 15.1 G9).
standard for the measurements of ghealue and paramagnetic EPR spectra in the regions of 110, 220, 330, and 370 GF

;Trl]ocgﬂczerlzgtg nclé?’bzmr:v?/i :sr]:;rbs(;?n C|2acr;icst§ar|lszi? tr?\'fvere obtained with the high-field electron magnetic resonant
: 8 9 9 9 Y ?aé:ility at the National High Magnetic Field Laboratory in

E:Jr;;nlsafsrilsl, igdislgsmcglrufguzn;g?]sa C:gtigehg;;\lvl\;gasa?'x‘prallahassee. The EPR spectrometer design is similar to tr
Y 9 P 9 s 35 jescribed earlier by Muelleet al. (20) with the following

described elsewherd.y). modifications. The source of the millimeter wave radiation is
Earlier studies 13) have established that the EPR line po: ' ‘

- . - ""Gunn oscillator (AB Millimetre, Paris). This source is tunable
S!thﬂS for KS.CrOs can be_wel! described by the fOHOW'ng’over the 108-113 GHz range and is equipped with a set
simple effective spin Hamiltonian,

Schottky-diode harmonic generators and filters which enable
to operate also at frequencies around 220 and 330 GHz (spec
H = BgH.S, + Bg.[HS+ H,S] [1]  at 375 were similarly obtained using a 93-98 GHz sourc

operating at the fourth harmonic). The frequency was me:

with gy = 1.9433= 0.0005 andy, = 1.9854= 0.0005. sured by an EIP580 counter, which also served as a phase Ic
Moreover, the earlier susceptibility measurements down to 4@urce for the Gunn oscillator. The Zeeman field is provided b
K demonstrated that the susceptibility can be well describedan Oxford Instruments Teslatron superconducting magnet th
terms of a three-dimensional exchange conslant 1.35 K, is capable of field sweeps from 0 to 17 T. The resonanc
without any complication of any ensuing structural or magnetigbsorption is measured at a fixed frequency by monitoring tr
phase transition1@). K;CrOg thus appeared to be an ideatransmitted power as a function of the applied magnetic fiel
model compound to serve as a basis for testing the exchanmgst is swept through the resonance in either the increasing
narrowing concepts. This work presents our linewidth datfecreasing mode. A liquid helium-cooled hot-electron InS|
over the frequency range of 1-370 GHz and discusses itiolometer from QMC (London, England) was used as th

L-band (1-1.20 GHz) EPR measurements were performed

terms of the current exchange narrowing models. power detector. As usual for EPR, the spectra were recorded
the first derivative mode, using magnetic field modulation &
EXPERIMENTAL DETAILS audio frequencies (2—-10 kHz).
Materials Synthesis Theoretical Considerations

K;CrOg was prepared by a minor modification of the method The main contributions to the EPR linewidth of ttf8s= %
of Riesenfeld 15), as described earliel.8). The purity of the system are thought to be the dipolar field broadening, spi
crystal used was checked by x-ray analysis, which agreed fulychange narrowing, inhomogeneous broademrapisotropy
with the structure described by Stomberg and Brost The between non-equivalent chromium sites, and lifetime broade
crystal belongs to the tetragonal system and the unique dirégy. We emphasize that the dimensionality of the exchanc
tion, c-axis, was easily identified as the longest dimension. process is a very important factor in the analysis. FgC#Og,

Powder of KNbQOg doped with K,CrOg in small amounts however, there was relatively little angular variation in line-
was made by the method of Balke and Smitt¥)( EPR widths, hence the exchange is considered to be essentis
measurements confirmed that the doping was successfuthamee-dimensional. Our discussion here thus focuses on thre
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dimensional systems. The interactions appropriate to thré&e-Inhomogeneous Broadening Due to g-Strain and
dimensional exchange may be summarized as follows. Instrumental Artifacts

There are two important factors that are essentially linear |
A. Dipolar Broadening and Spin Exchange Narrowing the Zeeman field, and which are not affected by spin exchan

_ _ . processes but do add to the observed linewidth at all freque
These two are the basic factors in determining the rangecqésy and must be added to Eq. [2]. These are (a) the broaden

the EPR _IlneW|dt_hs for any paramagnetic solid. While Kub_gue to the so-calleg-strain 23), which results from a spread

and Tomita 1) first presented a general theory of magnetig, the g-values as caused by the local differences in the lattic
resonance lineshape, Anderson and Wesgplovided a sim-  jmperfections and thus crystal-field forces (strains), and (b) tt
ple_ conceptual model qf spin exchange in three dlmens_lonsp;gssime broadening due to the magnetization of the samg
which the measured linewidths can be compared with th@ger itself at the very high magnetic fields (e.g., up to 14 T
theoretical predictions. The basic idea is that the SPIN-SpHimployed in this study, and mentioned in a recent EPR stuc
magnetic dipolar interactions between the neighboring molgy pppH (2) that used the same equipment. It is clear the
c;JIes lead to an overall broa_dening (via essentially an inveliggin of the parameters can be lumped together as a term tha
r* dependence) and the spin exchange processes lead Gy in w,. An important part of the present study is that this
averaging of this broadening, just as the Brownian motiGarm was evaluated directly through measurements employil
leads to a narrowing of resonance peaks in fluids. Andersgngiiuted sample, keeping the lattice and the instrument

and Weiss considered a lattice in which the spin exchange Wagameters as similar as possible to the undiluted spin syste
three-dimensional, and they showed that for this case the ERRje infra).

linewidth is related to the various parameters 3s (
C. Homogeneous Broadening

This term arises from the lifetime broadening due to th

}, [2] spin-lattice relaxation effects, and any other effects that lead

an exchange-independent broadening. We assume that t

term is essentially frequency independent over the range of o

whereAH ,, is the peak-to-peak linewidth of the derivative of"terest 1-330 GHz. This linewidth contribution will be rep-

the absorption spectrunty, is the dipolar field,He, is the resented by a constant, which will be referred to as the four
exchange fieldw, is the resonance frequency, ang is the t€'m in Eq. [6]. _

exchange frequency given lay, = y H.,. Assuming a cubic In this term we also include the effect of the use of ¢

lattice with 8 nearest neighbors the exchange and dipolar fielfigncated-Lorentzian lineshape in the original Anderson
are given by 13 Weiss model%). It is recognized that this approximation leads

to an underestimation of the calculated linewid24)( Again,
we will evaluate this contribution experimentally via a com-
Heo= 1.683(s(s + 1))Y¥gu, [3] bined theoretical-experimental approach.

H3 5 , 2 )
Apr: |_|ex{1+36 0-Hwofwe) +§e Hon/we)

H2 = (5.1 (guy/ad)’s(s + 1), [4] D. Broadening Due to Site Splitting in Crystals

The crystal structure of CrOg shows that there are two
in-equivalent Cr@* ions per unit cell {6), and it should then

where s is the electronic spin guantum numbel,is the e expected to observe two lines at most orientations. Pe
exchange constant (as determined, for example, from magngtlc P )

susceptibility measurements),is the electronig-factor, and resolution does not occur if thg-value splitting is small

a, Is the distance to the nearest neighbor as determined fr 9?2?;? .;0 ct)?eao;]/_e r:llfrltlanev(\:géh, glgt.e)éc?:r;ﬁg tc))i;vgegt.t:
crystal structure. Using = % g=1.97,J = 1.35K, anda, Wo S| ! '9 quency v vatio

. frequency.
= 6.07 A for KsCrOs, we obtainH, = 160 G andH,, = . o
1.48 x 10* G, as discussed previouslgd). However, a broadening of the overall linewidth due to the

In addition there is a small hyperfine contribution to th%.'{feirigﬁeoglcg':/zlsugs}’An%t.g;tgft:;asgne;éag? t'r?éigetf:jva;igt "
dipolar field from the 9.5% natural abundance of fer ! u uhcti qu eld,

isotope which has = g Using the relation for the strong fieldsecular relationship in its simple form i83)

approximation for the hyperfine contribution to the second

moment given in A. Bencini and D. Gattescl@2f with the AHp, = (uy/8gJ)(Ag X H)?, (5]
parameter® = 90°, | = g gy = 1.9433,9, = 1.9854,A,

= 40 G,A, = 12 G (139, it is found that the hyperfine whereJ is the exchange energy between the sites, Hhmglthe
contribution to the second moment is 3723 G resonance field.
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FIG. 1. Typical EPR crystal spectra of rO; at 9.5, 110, and 330 GHH is the respective resonance field fér. c for each frequency.

The crystal structure of §CrOg (1 42d) suggests that thkg  whereXw, is derived from Fig. 3 and represents instrumentz
term in Eq. [5] is expected to be at a minimum when thandg-strain effectsX'w3 is an empirical parameter represent-
highest symmetry axis, the c-axis, is perfectly parallel to theg the broadening frong-anisotropy, andC is a constant
Zeeman field. For the theoretical fit of this system no attemppresenting the probe’s residual linewidth, determined b
is made at this time to determine the exchange between nepin—lattice relaxation and any other lifetime processes.
equivalent Cr sites, and this field-dependent contribution is

accounted for by an isotropic empirical square term. . .
Experimental Results and Analysis

Overall Dependence of the Linewidth on the Resonance Figure 1 shows typical spectra from a single crystal o
Frequency K;CrQOg at three frequencies: 9.5, 110, and 330 GHz as marke
eAt_ the lower frequency side, from 1 to 35 GHz, the lineshap:
Was found to be Lorentzian over at least 5 linewidths, ir
agreement with an earlier report3). Above this range, the
lines were Lorentzian in the central part, but had some devi

Based on the above discussion, the following equation r
resents the sum of all the contributions outlined,

H2 5 2 tion from the Lorentzian shape in the wings (due to magnetic
AH. = "1+~ e*O.S(wu/me)2 4 — e*Z(wdwe)z ' . . . N
P 3 3 field dependent factorsjde infra). From a visual comparison

, of the peak-to-peak width&H,,,, of these spectra it is clearly
+ Xy + X'wj + C, [6] noticeable that\H,,, is strongly frequency dependent: it is a
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nonlinear function of frequency. This behavior is more clearly
evident in Fig. 2 whereAH,, is plotted as a function of
frequency over the measured range of 1-330 GHz. It should be
noted that due to the lack of sensitivity at very low frequencies,
the measurement at 1 GHz was done with multiple aligned
crystals. The linewidth data are presented for the two canonical
orientations of they-tensor, theH || ¢ andH L ¢ directions, as %
marked in the figure. The dotted line is the Anderson-Weis®)
best fit using Eq. [2] keeping the exchange value constant;
varying the dipolar term, and adding a constant homogeneo
linewidth as the background width (to be discussed in mor&
detail later). It is clear that for both orientations the low field S
functional dependence &H,, is essentially similar with an
initial relatively fast decrease followed by a shallow minimum
around 100 GHz. At higher frequencies, however, the line-
width corresponding to the perpendicular feature approaches

3.54

3.0 S

2.5+

2.0+

1.54

-y

T T T

and exceeds that for the parallel orientation.

T I v T
0 100 200 300

A preliminary analysis of the data in Fig. 2 indicated that Freq. (GHz)
while the initial decrease in the linewidths was consistent withgg, 3. Frequency dependence AH,, for the L feature of the powder
the exchange narrowing modelgide infra), the mechanism spectra of 0.5% KCrO; diluted into a diamagnetic $NbO; host.
causing the increase above 100 GHz was not obvious. We
noted, however, that a somewhat similar broadening effect at
these frequencies was also reported in a recent study of #ie splitting mechanism because of the possibility of sit
well-known EPR standard DPPH.J) using the same instru- splitting at H L. ¢, but not forH || c. Also, the broadening
mentation. The linear broadening detected therein was teragpeared to be a function of the square of the field, characte

tively ascribed partly to instrumental artifacts?).

istic of site splitting, and not linear as expected ¢estrain or

It is worth noting that in the present study the cause of thiestrumental effects.
broadening must be different because the effect is stronger foin order to ascertain the underlying cause experimentally, an
theH L c thanH || c, although the same probe was used in botpecifically, to delineate the contributions of the actugCkO,
cases. This indicated that the broadening was due perhaps kattice and its associated exchange effects, we carried out simi

18—? -m—Hlc
. -e--Hllc
.._l‘
16 \
_M{
4
1
1
& 144 1
5 , e
- 124
.\/
L}
10 R
_____ Anderson-Weiss
8 y , . r . T
0 100 200 300

Freq (GHz)

FIG. 2. Frequency dependence &H,, of a single crystal of KCrOg for

linewidth measurements on powders of 0.5 molYCkKO; sub-
stituted into its isostructural, diamagnetic hosfNKQOg. This
sample yielded spectra at essentially identigalalues as for
K3CrQg, but with significantly (order of magnitude) narrower
linewidths, in agreement with an earlier studyB) at 9.5 GHz.
Figure 3 shows the frequency dependence of the linewidths f
this K;CrOg doped KNbO; lattice. We assumed that the line-
widths data of Fig. 3 represent essentially all the magnetic fiel
dependent contributions to the linewidth of the GF@robe, such
as the broadening related to tigestrain effect 23), and the
magnetization of the sample holder at these very high fidds (
Since the focus of the present study was to assess the effects
spin exchange on EPR linewidths, the linewidth data of Fig. -
were thus lumped as a lattice-instrumental background effect, a
were subtracted from the data in Fig. 2. The linewidth data tht
corrected for the background are presented in Fig. 4 foHthe.
The data of Fig. 4 were then analyzed using the Andersor
Weiss approach by a curve-fitting, iterative procedure. Th
overall goal was to fit the measured linewidth data to Eq. [6]
which consists of four terms. The parameters in the first teri
(the one in parentheses) are the exchange frequegowhich
is known from earlier magnetic susceptibility dai&), and the

H || c andH Lc. The dotted line is the general Anderson-Weiss best fit usigi€oretical dipolar fieldH , (13), both of which could also be fit

Eq. [2], assuming a constant homogeneous width of 6 G.

to the linewidth data of Fig. 4. We note, however, was
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reported value of 40 GHz1@B) as derived from magnetic
K,Cro, Single Crystal susceptibility data. The agreement fdy, is a bit less satisfac-

¢ Hic tory; the present value of 207 G being within 25% of the earlie
reported number of 160 G (which did not take into account th
hyperfine field). We note, however, that the earlier valugfor
was based on a theoretical estimate; thus the value deduc
Exchange frequency here from the linewidth data is thought to be considered as
reliable number for this rather difficult to measure, but funda
mentally important, parameter.

In order to add further credence to the existence of lin
broadening due to a site-splitting mechanism, the frequenc
dependence ofAH, for a powder sample of {CrO; was
measured. These are presented in Fig. 5, after subtracting
values from Fig. 3. Since symmetry related sites are not di
tinguished in a powder the parallel transition should have
broader linewidth throughout the entire experimental range,
was observed. The small linear broadening above 100 GHz
L . L + ! probably due ta-strain that is not accounted for by the dilute

0 100 200 300 A
system in Fig. 3.
Freq (GHz)

15

Linewidth (G)

FIG. 4. Frequency dependence fétLc corrected for the background CONCLUSIONS
contributions by subtracting the data in Fig. 3 from Fig. 2.
To our knowledge, the present study constitutes the fir:

comprehensive test of the effect of three-dimensional spi
allowed only a 5% deviation from susceptibility measuremenéxchange on the widths of EPR signals that blankets tt
(essentially kept constant), while the dipolar field value wasxchange frequency over such a wide range. We have utiliz
allowed to vary until the best fit was attained. The contribuhe same compound in single crystals, powder, and as a dilut
tions of the second term representing the field-dependenaterial, which has made it possible to delineate the effect
broadening were evaluated experimentally using a diluted sadimensionality, as well as of broadening by processes oth
ple, as discussed above, and presented in Fig. 3. The third t¢han spin exchange. The effect gfstrain and the possible
representing the linewidth dependence as a function of teHect of the field-induced magnetization of the sample holde
square of the field, which is tentatively ascribed to site splitvere determined experimentally. The experimental data cou
ting, was also varied until a best fit was achieved. The fourbie well fitted with the standard Anderson—Weiss model, bt
term is a constant, homogeneous background width, which is
evaluated experimentally as the difference between the theo-
retical high field limit ofAH,, plus the broadening terms and 32
the experimentally observed value, which was kept constant
over the entire frequency range employed in the present study.
This value was measured as 4 G. In fact, since the second and 28
fourth terms could be evaluated directly through measurements  ,g
(data of Figs. 2—4) and the exchange frequency was essentially
held constant, the fitting of the data required only two un-a 24 B
knowns, X" andH,,. This methodology, in fact, enabled us to = s 2
evaluate these parameters as variables, since we had only t
variables and six independent observations. The solid line i@ [
Fig. 4 shows the best theoretical fit. The parameters corre= 18 |- /E
sponding to this best fit were 16

w. = 38 GHz r :.E////E

12'_

30 K,CrO, Powder

7._gl

—o—4g,

| L

20 |

100 200 300
Freq (GHz)

H,= 207 G
X' =0.00005 &G.

The above value of 38 GHz fas, is within 5% of the earlier FIG. 5. The linewidth as a function of frequency of purg®QO, powder.
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010 F
K,CrQ, single crystal

v =370.700 GHz

exchange effects in EPR spectroscopy. It will also be wortf
while extending this study to a case with a lower-dimensionze
exchange process, but still keeping the spin Hamiltonian t

T=Rm s=11=0
Hlc 2
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FIG. 6. A single crystal of KCrOg with H L c at 370.700 GHz demon-
strating the high field splittings, whose origin is still not clear; see text.
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